The prevalence of binge drinking in the United States is rising. While alcohol is a risk factor for breast cancer, less is known about the impact of episodic heavy drinking. In 2003-2009, women aged 35-74 years who were free of breast cancer were enrolled in the Sister Study (n = 50,884). Residents of the United States or Puerto Rico who had a sister with breast cancer were eligible. Multivariable Cox regression was used to estimate adjusted hazard ratios and 95% confidence intervals for breast cancer. During follow-up (mean = 6.4 years), 1,843 invasive breast cancers were diagnosed. Increased breast cancer risk was observed for higher lifetime alcohol intake (for ≥230 drinks/year vs. <60 drinks/year, hazard ratio (HR) = 1.35, 95% confidence interval (CI): 1.15, 1.58). Relative to lowlevel drinkers (<60 drinks/year), hazard ratios were increased for ever binge drinking (HR = 1.29, 95% CI: 1.15, 1.45) or blacking out (HR = 1.39, 95% CI: 1.17, 1.64). Compared with low-level drinkers who never binged, moderate drinkers (60-229 drinks/year) who binged had a higher risk (HR = 1.25, 95% CI: 1.08, 1.44). There was evidence of effect modification between moderate lifetime drinking and binging (relative excess risk due to interaction = 0.33, 95% CI: 0.10, 0.57). Our findings support the established association between lifetime alcohol intake and breast cancer and provide evidence for an increased risk associated with heavy episodic drinking, especially among moderate lifetime drinkers. alcohol; alcohol drinking; binge drinking; breast cancer Abbreviations: BMI, body mass index; CI, confidence interval; ER, estrogen receptor; HR, hazard ratio; RERI, relative excess risk due to interaction.
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In recent years, the prevalences of heavy drinking and binge drinking in the United States have increased sharply (1) . This increase has been particularly notable for women, with the prevalence of heavy drinking and binge drinking increasing 38.1% and 18.3%, respectively, from 2002 to 2012 (1) . These changes have raised concern regarding the public health impact of these heavy drinking patterns (2) . In general, higher levels of alcohol intake have been associated with a number of adverse health outcomes (3), including breast cancer (4) . Alcohol has been classified as a Group 1 carcinogen by the International Agency for Research on Cancer (5, 6) . However, less well understood is the impact of heavy episodic drinking, or binge drinking, on breast carcinogenesis (7) .
For women, binge drinking is often defined as the consumption of 4 or more alcoholic drinks at one sitting, which results in a rapid increase in blood alcohol concentrations (8) . A higher blood alcohol concentration can impact biochemical and metabolic processes in response to alcohol drinking (7).
Additionally, experimental studies demonstrate that binge drinking increases inflammation levels as well as insulin resistance (9, 10) . Inflammation and insulin resistance are hypothesized to be key biological mechanisms for the development of cancer, and thus binge drinking could be particularly relevant for breast cancer risk (11) .
In this study, we aimed to estimate the association between lifetime alcohol intake and binge drinking behaviors and breast cancer risk and to evaluate potential effect-measure modification of the relationship between lifetime alcohol intake and breast cancer risk by binge drinking. We hypothesized that both lifetime alcohol intake and binge drinking behaviors would be associated with breast cancer risk and that there would be evidence of a synergistic relationship between lifetime alcohol intake and binge drinking, related to the occurrence of extreme elevations in blood alcohol levels. Better understanding of alcohol drinking patterns, a modifiable breast cancer risk factor, could inform public health strategies for deterring less favorable drinking behaviors.
METHODS

Study population
The Sister Study is a prospective cohort study that was designed to evaluate breast cancer risk factors. In 2003-2009, women with no personal history of breast cancer were recruited for the study through a volunteer network of breast cancer professionals and advocates, as well as a media campaign. Eligibility requirements for study participation included living in the United States or Puerto Rico, being aged 35-74 years, and having a sister who had been diagnosed with breast cancer. Participants completed an extensive telephone questionnaire at baseline, which assessed information on demographic factors, medical and family history, and lifestyle factors, including alcohol intake and lifetime drinking behaviors.
This research was approved by the institutional review boards of the National Institute of Environmental Health Sciences and the Copernicus Group. Written informed consent was obtained from all participants. In this study, we included breast cancer cases that were diagnosed prior to July 1, 2014 (Sister Study Data Release 4.1).
Participants also complete biennial surveys and annual health updates to provide current risk factor information and to notify the study of changes in health. Participation rates have been over 90% throughout follow-up (12) .
Outcome assessment
Self-reported diagnoses are validated using medical records. Approximately 80% of medical records have been obtained, and the agreement between self-reported tumor characteristics and medical record-abstracted information is high (13) . Thus, self-reported data were used in the absence of available medical records. We considered the estrogen receptor (ER) status of the tumor (ER-positive (ER+) vs. ER-negative (ER−)) and menopausal status at diagnosis (premenopausal vs. postmenopausal) as secondary outcomes.
Exposure and covariate assessment
Information on alcohol consumption was collected as part of the baseline questionnaire. Women were asked about their history of alcohol consumption, including beer and other malt beverages, wine and wine coolers, and liquor. Women were asked about the age at which they started drinking and/ or quit drinking. They answered questions on frequency of alcohol intake (days per week, per month, or per year) and how many drinks they tended to have per day on each day they drank, both for current consumption (in the 12 months prior to baseline interview) and by decade of life. For each decade, women were asked what type(s) of alcohol they tended to consume. Former drinkers were defined as women who had not consumed alcohol during the 12 months prior to baseline. Average lifetime alcohol intake was derived by calculating the number of drinks per year for each decade of life and applying weights, where the weights were defined as the number of years spent drinking during that age interval.
Binge drinking was defined as drinking 4 or more alcohol beverages in a row at one sitting and was assessed by decade of life and over the past year. Women who reported binging at any point were further asked how many times in their lifetime they had woken up on the morning after drinking and couldn't remember where they had been or what had happened (i.e., "blacking out"). The questionnaire also included a question on whether a health professional had ever told them that drinking was hurting their health.
Data on covariates of interest, including demographic factors, reproductive history, pack-years of smoking, and use of postmenopausal hormones and oral contraceptives, were obtained from the interview. Height and weight at baseline were measured at a home visit by a trained examiner and used to calculate body mass index (BMI).
Statistical analysis
To evaluate the association between alcohol intake and risk of invasive breast cancer, we used multivariable Cox proportional hazards models to estimate hazard ratios and 95% confidence intervals. The time scale for the Cox model was age, with person-time accruing from age at study enrollment to age at invasive breast cancer diagnosis or censoring at the age of last follow-up or age of diagnosis with in situ disease.
Cox models using restricted cubic splines with 4 knots (at the 5th, 35th, 65th, and 95th percentiles) were used to determine the most appropriate cutpoints for average lifetime alcohol intake (14) . Using the spline analysis (see Web Figure 1 , available at https://academic.oup.com/aje), low average lifetime alcohol intake was defined as fewer than 60 drinks/year, moderate lifetime alcohol intake was defined as 60-229 drinks/year, and high lifetime alcohol intake was defined as ≥230 drinks/year, on average. The quantity 60 drinks/year represents approximately 1 drink/week; 230 drinks/ year represents approximately 4.5 drinks/week. Low average lifetime alcohol intake was used as the referent group when considering the association of individual binge drinking behaviors with breast cancer. Nondrinkers were included in the low-intake category, as their hazard ratios for breast cancer were the same. P values for trend associations were estimated using a χ 2 test for the ordinal characterization of the variable. We also evaluated the associations of lifetime alcohol intake and binge drinking with ductal carcinoma in situ, breast cancer hormone receptor status (ER+, ER−), and menopausal status at diagnosis (premenopausal, postmenopausal). For ERspecific analyses, cases without the outcome of interest were censored at the time of diagnosis. A case-case analysis was used to test differences in association by ER status of the tumor (15) . When considering premenopausal breast cancer as an outcome, we censored women who became postmenopausal during the follow-up period at their age of menopause. The women who reached menopause without developing breast cancer then contributed person-time to the postmenopausespecific analyses.
The proportional hazards assumption was assessed using an interaction term with the survival time in the regression model using α = 0.05 as well as visually using log-log survival plots. We found no evidence of time-variant associations.
Effect-measure modification of the relationship between breast cancer and lifetime alcohol intake by binge drinking (ever, never) was evaluated on both the additive and multiplicative scales. Additive interaction was tested by calculation of the relative excess risk due to interaction (RERI) (16) . A cross-product term and likelihood ratio test were used to evaluate interaction on the multiplicative scale. Additionally, birth cohort, age, postmenopausal hormone use, tobacco use, BMI, and number of first-degree relatives with breast cancer were also considered as potential effect-measure modifiers. Confounders were identified using the prior literature and a directed acyclic graph (17) . Multivariable-adjusted models included race/ethnicity (non-Hispanic white, other), education (high school diploma/equivalent or less, some college, 4-year degree or higher), age at menarche (years; continuous), age at first birth (nulliparous or <21, 21-24, 25-28, 29-31, or ≥32 years), parity (nulliparous or 1, 2-3, or ≥4 births), use of oral contraceptives (ever, never), use of hormone replacement therapy at enrollment (none, estrogen only, estrogen + progesterone combined or both estrogen and estrogen + progesterone combined), age at menopause (based on enrollment information; premenopausal or <40, 40-50, 51-55, or >55 years), pack-years of smoking at enrollment (nonsmoker, smoker with <20 pack-years, smoker with ≥20 pack-years), and BMI (weight (kg)/height (m) 2 ; <18.5, 18.5-24.9, 25.0-29.9, or ≥30). Two-sided χ 2 tests were used with a P value of 0.05 to evaluate statistical significance. All analyses were performed using SAS software, version 9.3 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
Our study population primarily included low-level and moderate lifetime drinkers, averaging fewer than 60 drinks/ year or 60-229 drinks/year, respectively (Table 1) . Approximately 10% were defined as having higher lifetime alcohol consumption (≥230 drinks/year); these women were more likely to report greater pack-years of tobacco use and to be non-Hispanic white. Study participants with low lifetime alcohol consumption had a slightly higher BMI, had lower educational attainment, and less frequently reported using exogenous hormones.
Women with both moderate and high average lifetime alcohol intake had an increased risk of developing breast cancer (for 60-229 drinks/year, hazard ratio (HR) = 1.19, 95% confidence interval (CI): 1.06, 1.33; for ≥230 drinks/ year, HR = 1.35, 95% CI: 1.15, 1.58) relative to low average intake (<60 drinks/year) ( Table 2 ). This association remained after further adjustment for ever binging (data not shown). Positive, but less precise, associations were observed for both heavy current drinkers and heavy former drinkers, with point estimates being similar in magnitude to that of the lifetime average measure (for current intake of ≥2 drinks/day vs. never drinking, HR = 1.22, 95% CI: 0.89, 1.68; for former intake of ≥2 drinks/day vs. former intake of <1 drink/day, HR = 1.26, 95% CI: 0.81, 1.95). There were no appreciable differences by duration (years) of drinking or age at first drinking. Similarly, time since last drinking was not related to risk among former drinkers.
Measures of heavy episodic or binge drinking behaviors were also associated with an elevated risk when compared with low-average drinking (Table 3) . Breast cancer risk was associated with both ever binging (HR = 1.29, 95% CI: 1.15, 1.45) and current binging (HR = 1.38, 95% CI: 1.19, 1.61), as well as drinking to the point of hurting one's health (HR = 1.54, 95% CI: 1.12, 2.11) and blacking out while drinking (HR = 1.39, 95% CI: 1.17, 1.64). Results were similar regardless of whether or not low-average lifetime drinkers who also reported binge drinking behaviors were excluded (data not shown). Hazard ratios for binge drinking behaviors were elevated with increasing frequency of binge drinking over the life course (for 25-249 binge drinking episodes, HR = 1.23, 95% CI: 1.05, 1.45; for ≥250 binge drinking episodes, HR = 1.47, 95% CI: 1.25, 1.72) and for reporting more instances of blacking out (≥3 times: HR = 1.46, 95% CI: 1.19, 1.80). We also considered binge drinking by decade of life but found that associations with breast cancer remained similar across the life span (data not shown).
Relative to low-average drinkers who reported no binging, moderate drinkers (60-229 drinks/year) who also reported binging were at an elevated risk of breast cancer (HR = 1.25, 95% CI: 1.08, 1.44). In contrast, there was no evidence for an increase in risk for being a low-level drinker and ever binging (HR = 0.95, 95% CI: 0.81, 1.12), nor was there an increase in risk for moderate drinking without binging (HR = 0.96, 95% CI: 0.79, 1.17) (Figure 1 ). The interaction between low/moderate lifetime drinking and ever/never binging was significant on the additive scale (RERI = 0.33, 95% CI: 0.10, 0.57). However, no added risk for binging was observed at the highest level of lifetime drinking (≥230 drinks/year). Estimates were similar when we considered interaction between current binging and moderate lifetime alcohol intake, but the measure of additive interaction was not statistically significant (RERI = 0.28, 95% CI: −0.07, 0.63).
We also evaluated effect-measure modification of lifetime alcohol intake by binging on the multiplicative scale (Table 4) . Although we found no effect-measure modification on the multiplicative scale, we observed that among women who were in the moderate category of lifetime drinking (60-229 drinks/year), ever binge drinkers had a 30% higher breast cancer risk (HR = 1.30, 95% CI: 1.06, 1.59). Similarly, elevated estimates were observed for blacking out while drinking (HR = 1.13, 95% CI: 0.92, 1.39) and current binging (HR = 1.17, 95% CI: 0.98, 1.41) in women with a moderate lifetime alcohol intake. However, none of the binge drinking characterizations (current or ever binging, drinking that hurt one's health, or blacking out) resulted in an increased risk among women with either low or high lifetime average intake.
Higher lifetime alcohol consumption was also associated with breast cancer when we limited outcomes to ER+ tumors (for 60-229 drinks/year, HR = 1.18, 95% CI: 1.04, 1.35; for ≥230 drinks/year, HR = 1.42, 95% CI: 1.19, 1.70), as was ever binging (HR = 1.32, 95% CI: 1.16, 1.51), although estimates were not statistically different from estimates for ER− breast cancer (Web Table 1 ). Neither the association between breast cancer and lifetime alcohol consumption nor the association between breast cancer and ever binging depended on menopausal status at diagnosis (Web Table 2 ). We observed no association of either lifetime alcohol intake or binge drinking with ductal carcinoma in situ.
The association between breast cancer and lifetime alcohol intake did not vary by degree of family history of breast cancer (1 relative vs. ≥2 relatives), birth cohort, smoking status, BMI, age, or use of hormone replacement therapy (data not shown).
DISCUSSION
In a large, prospective cohort study of mostly light drinkers (averaging <1 drink/day), we confirmed previously established findings of an association between breast cancer risk and higher lifetime alcohol intake (18-21) and found evidence to support a synergistic relationship between moderate lifetime alcohol intake and heavy episodic drinking. Heavy drinking behaviors, including binging, blacking out, and drinking to the point of harming one's health, were also each associated with breast cancer risk.
Binge drinking behaviors were associated with up to a 50% increase in breast cancer risk relative to low-average drinking. However, when considered in conjunction with lifetime alcohol intake, binge drinking increased breast cancer risk only in moderate lifetime drinkers. It is plausible that binge drinking in low-average drinkers is rare and does not substantially increase risk, while persons in the highest category of lifetime alcohol intake may have already reached a threshold beyond which binge drinking does not increase risk. In moderate drinkers, the association for binge drinking appeared to be the most evident. Previous studies have suggested that alcohol may increase breast cancer risk even at low levels of consumption (4); however, these studies have Abbreviations: CI, confidence interval; HR, hazard ratio. a Adjusted for age, race/ethnicity, education, age at menarche, age at first birth, parity, use of hormonal birth control, pack-years of smoking, use of postmenopausal hormones, age at menopause and menopausal status, and body mass index.
b P value for trend was calculated with Wald's χ 2 test. c A consumption level of 60 drinks/year represents approximately 1 drink/week; a level of 230 drinks/year represents approximately 4.5 drinks/week.
often not been able to consider drinking patterns. In contrast, we found no elevated breast cancer risk for moderate drinkers who did not exhibit binge drinking behaviors.
The few studies that have previously evaluated binge drinking have reported positive associations between current binging and breast cancer, with binging being defined as consuming more drinks over the weekend (22) and as ever drinking ≥6 drinks/day in a typical month (21) . One case-control study also found effect-measure modification of current alcohol consumption by current binge drinking status, with elevated risk limited to the highest category of drinkers (≥91 g/week) who also reported binging (defined as 5 or more drinks in one sitting) (23) . However, that specific analysis was limited to current alcohol consumption and current binging, which may not reflect the entirety of the relevant time period.
Lifetime alcohol intake was associated with breast cancer when data were limited to ER+ tumors, and estimates of association were similar for pre-and postmenopausal breast cancer. These findings are consistent with previous metaanalyses (4, 24) . However, we did not find evidence to support that either early age at first drinking or years of drinking was associated with breast cancer risk. Similarly, the associations did not vary by smoking status or BMI, which is consistent with the results of 2 pooled analyses (4, 25) . We also did not find evidence that the association varied by age, birth cohort, or use of hormone replacement therapy.
Alcohol is hypothesized to act via multiple mechanisms to influence breast cancer risk; alcohol may increase circulating sex hormone levels (26) and stimulate proliferation of ER+ cells (27, 28) . The metabolism of alcohol may also result in carcinogenic products and reactive oxygen species (29, 30) ; thus, alcohol may act as a weak carcinogen (7) . Recent studies suggest that aberrant DNA methylation patterns (31, 32) and interference with epithelium-stroma interactions may also play important roles (33) in alcohol-induced carcinogenesis. The association observed with binge or heavy drinking behaviors also suggests other potential biological mechanisms, including increased inflammation and insulin resistance (9, 10). Abbreviations: CI, confidence interval; HR, hazard ratio. a Binge drinking was defined as consuming 4 or more alcoholic beverages in a row at one sitting. Low-average lifetime drinkers who reported binge drinking behaviors were included in the "low-level drinker" referent group.
b Adjusted for age, race/ethnicity, education, age at menarche, age at first birth, parity, use of hormonal birth control, pack-years of smoking, use of postmenopausal hormones, age at menopause and menopausal status, and body mass index.
c Questions on history and frequency of blacking out were only posed to women who reported ever binge drinking. d Ever being told by a health professional that drinking was hurting one's health.
Metabolic processes that eliminate alcohol from the body via the enzymes alcohol dehydrogenase and aldehyde dehydrogenase may not be sufficient during periods of heavy drinking (34) . As such, after consuming multiple drinks in one sitting, a woman's blood alcohol concentration is high enough to induce the activity of an additional enzyme, cytochrome P-450 2E1 (35) ; the metabolism of alcohol by cytochrome P-450 2E1 can result in the formation of mutagenic DNA adducts and reactive oxygen species (34, 36) . The inclusion of both lifetime alcohol consumption information and questions about binge drinking behaviors is an important strength of this study, as simply considering measures of lifetime alcohol intake cannot differentiate between someone who binge drinks twice a week and someone who consumes about 1 drink each day. This study also evaluated other measures of heavy episodic drinking besides binge drinking, including whether the participant had been told her drinking was hurting her health and whether she drank to the point of blacking out. Due to the large Sister Study sample size and the low correlations between lifetime alcohol intake and binge drinking variables (r = 0.1-0.3), we were able to consider potential modification between cumulative lifetime alcohol intake and specific binge drinking experiences.
The information included in this study on alcohol consumption was self-reported. Self-reported information on alcohol intake has been demonstrated to be reasonably valid, but nonetheless there may have been some exposure misclassification (37) . The potential for misclassification may be most relevant for high-risk behaviors, such as binging, because of social desirability bias (38) . The alcohol exposure information was collected prior to breast cancer diagnosis and thus would not have been influenced by case status.
Because of the low levels of alcohol consumption in the Sister Study, the average lifetime alcohol cutpoints chosen via splines were lower than the cutpoints used in some previous studies (18) (19) (20) but comparable to those of others (39, 40) . Despite this, the current alcohol drinking seen in our study population was similar to alcohol consumption generally observed in the United States, with a median of <1 drink/day (41) . It is important to note that women in our study population were at a higher risk of developing breast cancer due to their family history of the disease. There was no evidence that the relative risk of breast cancer associated with alcohol consumption differed for women who had 2 or more first-degree relatives with breast cancer versus women with only 1-findings similar to a previous report on the subject (42) . We were unable to Abbreviations: CI, confidence interval; HR, hazard ratio. a HRs were adjusted for age, race/ethnicity, education, age at menarche, age at first birth, parity, use of hormonal birth control, pack-years of smoking, use of postmenopausal hormones, age at menopause and menopausal status, and body mass index.
b Binge drinking was defined as consuming 4 or more alcoholic beverages in a row at one sitting. Figure 1 . Hazard ratios (HRs) and 95% confidence intervals (CIs) for the joint association of lifetime alcohol consumption (low (<60 drinks/year), moderate (60-229 drinks/year), or high (≥230 drinks/ year)) and ever binge drinking (≥4 alcoholic beverages at one sitting) with incident invasive breast cancer, Sister Study, 2003-2014. The interaction between low/moderate drinking and ever/never binging was significant on the additive scale (relative excess risk due to interaction = 0.33, 95% CI: 0.10, 0.57). Bars, 95% CIs.
consider breast cancer gene (BRCA) mutation status to evaluate women who might be at the highest risk, although we would expect the proportion testing positive to be low, and this should not have biased our estimates (43) .
In conclusion, this study confirms previously established associations of breast cancer with overall alcohol intake and also supports a role for binge drinking in breast carcinogenesis, particularly in women with moderate-level alcohol intake. Although it is currently estimated that approximately 5% of breast cancer cases can be attributed to alcohol (44) , very few women may be aware of the association between alcohol and breast cancer (45) . In light of the increasing frequency of binge drinking in the United States (1), the impact of binge drinking on health may increase and will continue to be a topic of concern. In terms of public health messaging, any increase in risk associated with alcohol intake must be balanced against the decreased cardiovascular disease risk observed with moderate levels of drinking (46) , although this long-held belief has recently been drawn into question (47) . Regardless, it does not appear that there is a cardiovascular benefit for binge drinkers (48) . Thus, these findings support existing public health recommendations encouraging women to avoid binge drinking and to consume alcohol in moderation.
